The effect of Nb addition on the nucleation and grain growth behaviors has been investigated in the monolithic Zr 65 Al 7:5 Ni 10 Cu 12:5 Nb 5 metallic glass. Nb has been well-known as an element for icosahedral quasicrystalline (QC) phase formation in the primary crystallization stage as well as for improving mechanical properties and corrosion resistance. The grain growth rate of the QC phase at near the crystallization temperature is 1:2 Â 10 À9 m/s, which is approximately 10 times smaller than that of the primary fcc Zr 2 Ni phase in the Zr 65 Al 7:5 Ni 10 Cu 17:5 metallic glass. In contrast, nucleation rate increases drastically by Nb addition. It can be calculated as 1:2 Â 10 21 /m 3 s, which is approximately 10 5 times larger than that of the Zr 65 Al 7:5 Ni 10 Cu 17:5 alloy. The results indicate that Nb is a very effective element for controlling grain growth and nucleation rates. Good plasticity is exhibited in the as-cast alloy, however, it is lost drastically even after the structural relaxation as well as the QC precipitation. Such significant change may be attributed to the local ordering and/or phase separating tendencies by a positive chemical affinity of the Zr-Nb pair.
Introduction
A number of studies on the attractive mechanical properties, such as a high strength, high elastic energy storage per unit volume, high hardness, low mechanical damping and high fracture toughness have been reported in bulk metallic glasses (BMGs). 1, 2) These studies also lead to recognition of them as new class of structural materials. BMGs, however, generally exhibit poor room-temperature ductility, which originates from their deformation mechanism based on shear band propagation by the local viscous flow. Recently, a number of works reporting BMGs or BMG composites with improved ductility have been performed. Among them, the formation of BMG composites is regarded as an effective approach for improvement of ductility. The BMG composites are generally produced by introduction of ex-situ foreign particles, [3] [4] [5] in-situ secondary phase 6, 7) and crystallization by annealing. [8] [9] [10] [11] In most cases, the alloy design such as appropriate additional elements is a very important factor for an achievement of good ductility. For example, the noble metal addition in Zr-Al-Ni-Cu metallic glasses brings a nano particle precipitation with quasicrystalline structure upon annealing, which leads to the formation of nano QC/BMG composite with a significant plastic strain. 12) Similar effect on the QC-forming ability has been also reported by Nb addition in Zr-based metallic glasses. 13) It is well known that Nb is a very attractive element for an improvement of mechanical properties. That is, the Nb-containing monolithic BMG and nano QC/BMG composite, in which Nb content is generally less than 5 at%, exhibit a good plasticity around 7% in compressive deformation. [14] [15] [16] In addition, higher Nb content over 5 at% enables us to produce the ductile bcc -Zr precipitated BMG with over 10% plastic strain in compression. 17) It is noted that some of these Nb-containing alloys also exhibit a good corrosion resistance. 18) Thus, although Nb is one of the key elements of development of new BMGs with good properties, little was studied in the kinetic approach such as nucleation and grain growth behaviors in metallic glass. In this work, we examine the effect of Nb on the nucleation and grain growth kinetics of the primary QC phase in the Zr-Al-Ni-Cu-Nb metallic glass. Moreover, we investigate the change in the mechanical properties upon annealing in the Nb-containing BMG. It is expected that the present investigations are very useful on the structure controlling in BMGs using minor additives such as Nb.
Experimental Procedure
Master ingot of Zr 65 Al 7:5 Ni 10 Cu 12:5 Nb 5 alloy was prepared by arc melting mixtures of pure elements (99.9 mass% Zr, 99.99 mass% Al, 99.9% Ni, 99.99 mass% Cu and 99.9 mass% Nb) in an argon atmosphere. Cylindrical bulk glassy sample with 2.5 mm diameter and 50 mm length was fabricated by copper-mold casting in an ambient Ar atmosphere pressure in the casting chamber. 19) The glassy nature of specimens was verified by the transmission electron microscopy (TEM) observation with an accelerating voltage of 300 kV (JEOL, JEM-3000F). Sample was sliced in 0.5 mm thick and sealed in the Al pan. It was annealed in the differential scanning calorimetry (DSC) apparatus (Perkin-Elmer Pyris Diamond) in the high purity Ar atmosphere. Heating rate was 1.67 K/s. The grain growth behavior was examined by TEM observation of the annealed bulk glassy alloy. Sample preparation for TEM observation was performed by the low energy ionmilling machine (Fischione 1010).
Results and Discussion
3.1 Effect of Nb on grain growth of the primary quasicrystalline particle Figure 1 shows high resolution TEM (HREM) image (a) and typical DSC curve (b) of the as-cast Zr 65 Al 7:5 Ni 10 -Cu 12:5 Nb 5 alloy. A homogeneous maze contrast is observed and no fringe contrasts as well as ordered regions contain in the HREM image, which indicates the monolithic glassy structure. The selected-area electron diffraction pattern (SADP) embedded in the HREM image reveals only a halo pattern, which also supports the formation of glassy structure. The DSC curve exhibits two exothermic peaks in addition to a supercooled-liquid (SCL) region of ÁT x ¼ 59 K (ÁT x ¼ T x À T g , where T x (710 K) and T g (651 K) are the crystallization and glass-transition temperatures, respectively). The stability of SCL region decreases significantly by the Nb addition, comparing to that in the non Nb-containing glassy alloy. 20) We have previously reported that the first exothermic peak corresponds to the precipitation of a nanoscale icosahedral QC phase from the glassy phase, while the second one corresponds to the decomposition of the nano-QC to stable crystalline phases, such as tetragonal-Zr 2 Ni, Zr 2 Cu and Zr 2 Al 3 .
21)
Figure 2 displays bright-field TEM images of the Zr 65 Al 7:5 Ni 10 Cu 12:5 Nb 5 BMG annealed at 680, 690, 700 and 710 K for various times, in which the QC phase is primary precipitated from the glassy structure. The QC particle has almost spherical morphology and is homogeneously distributed in the glassy matrix. Change in the diameter of particle with maximum size in the images against the annealing time is plotted in Fig. 3 . The plot was performed in the stage of initial grain growth before coalescence of the particles or collision among them. The QC particle grows almost linearly with increasing annealing time in the temperature range. The grain growth rate i.e. the slope of plots increases with increasing the annealing temperature. It is approximately 4:1 Â 10 À10 m/s at 680 K and increases up to 1:2 Â 10 À9 m/s at 710 K (¼ T x ). It has been reported that the grain growth rates of the primary phase at T x are 1: Figure 4 shows an Arrhenius plot between the logarithm of grain growth rate and the reciprocal of temperature in the Zr 65 Al 7:5 Ni 10 Cu 12:5 Nb 5 BMG. It is found that the plot yields to a linear relation, leading to the relationship as follows;
where u is the grain growth rate, u 0 is a pre-exponential factor, R is the gas constant and Q is the activation energy for grain growth. The Q is calculated to be 151 kJ/mol for the growth of QC phase. It is significantly lower than the previous result of the fcc Zr 2 Ni phase (382 kJ/mol) in Zr 65 Al 7:5 Ni 10 Cu 17:5 , 24) as plotted in this figure. In the Zr 65 Al 7:5 Ni 10 Cu 17:5 metallic glass, we have already reported the considerable rearrangement of all constitutional elements in the growth of fcc Zr 2 Ni phase, which might lead to the larger activation energy. 25) It is also pointed out that the QC phase in the Nb-containing BMG has a low activation energy of growth, comparing to that (409 kJ/mol) in the similar QCforming Zr 65 Al 7:5 Ni 10 Cu 7:5 Ag 10 metallic glass. 24) We suggest that the formation of icosahedral local atomic configuration is enhanced by Nb or Ag addition in Zr-Al-Ni-Cu metallic glass. It should result in the relatively easy grain growth of QC phase without significant rearrangements of constitutional atoms. However, we speculate that larger activation energy may be necessary for the grain growth owing to a strong chemical affinity of Zr-Ag pair in the Agcontaining metallic glass, which is in contrast with Zr-Nb pair with a positive mixing enthalpy in the present alloy.
3.2 Effect of Nb on nucleation of the primary quasicrystalline particle Based on the results of grain growth measurement, we can describe the growth rate, u as follows;
Moreover, bright-field images as shown in Fig. 2 indicate the homogeneous formation and isotropic growth of the primary QC phase. For the phase transformation with an isotropic constant growth rate, u and the homogeneous nucleation under steady state conditions, the volume fraction transformed, X during isothermal annealing is given by;
where I v is the homogeneous nucleation rate and t a is annealing time. From the eq. (3), we can calculate the homogeneous nucleation rate I v as follows;
when we investigate the steady state at X ¼ 0:2, which is obtained from the DSC thermogram of isothermal annealing, I v is given by;
Since the annealing time, t a at X ¼ 0:2 is also obtained by DSC thermogram, and u is calculated by eq. (2) at various temperatures, we can, therefore plot the I v against the reciprocal of temperature in Fig. 5 Thus, in the present studies, we found that Nb element exhibits a remarkable effect on the decrease of grain growth rate and increase of the homogeneous nucleation rate of the primary QC phase rather than those of noble metals in Zr-AlNi-Cu metallic glass.
3.3 Change in mechanical properties during the structural relaxation and precipitation of quasicrystalline particle by Nb addition From the kinetic studies as described in the previous section, it is clarified that the high nucleation and low grain growth rates are achieved by Nb addition, which implies a possibility to obtain a nanostructure controlled BMG by annealing. Actually, we have already reported the improvement of mechanical properties by controlling the precipitation of nano-QC phase in the Zr 65 Al 7:5 Ni 10 Cu 17:5Àx Pd x alloy system with the high nucleation and low growth rates. Fig. 2 , indicating the size of precipitated particles of 10$50 nm in diameter. Figure 6 summarizes the change in the Vickers hardness (HV), plastic strain (" pl. ), Young's modulus (E), yield ( yield ) and maximum strengths ( max ) in the as-cast and annealed Zr 65 Al 7:5 Ni 10 Cu 12:5 Nb 5 BMG. Data for the relaxed sample annealed for 60 s at 654 K (near T g ) are also denoted in the figure. The increase in the strength is observed by the structural relaxation, in which max increases from 1570 MPa to 1600 MPa. Further increase, however, can not be obtained with the precipitation of QC particle. max is 1600 MPa for 60 s and 1620 MPa for 120 s at 690 K. yield shows a considerable tendency of increasing upon annealing rather than that of max . yield is 1440 (as-cast), 1520 (relaxed), 1540 (690 K-60 s) and 1570 (690 K-120 s) MPa. Vickers hardness and Young's modulus also indicate a similar change to those of the strength. Very recently, we have clarified that the present 5 at% Nb BMG exhibits a remarkable plasticity of approximately 10% of " pl. in the as-cast state, which originates from the deformation-induced medium-range ordering around the shear band. 26) Nevertheless, " pl. drops significantly into approximately 3% by the structural relaxation and also into 1% by the QC precipitation annealed for 60 s at 690 K, for example. We have previously reported that plasticity is not lost so significantly even by the QC precipitation below its volume fraction of approximately 6% in the Zr 65 Al 7:5 Ni 10 Cu 7:5 Pd 10 BMG. 27) However, in the present alloy, it is noted that the plasticity vanishes suddenly even in the structural relaxation prior to the QC precipitation. Although the reason for it is not cleared completely, we should consider the higher nucleation rate at elevated temperature as well as a disappearance of free volume. Additionally, the easy formation of a number of mediumrange ordered regions as described above, might influence the loss of plasticity. These results imply that the Nb addition in Zr-Al-Ni-Cu BMG leads to the enhancement of local ordering by temperature rising. Actually, the evaluation of activation energy of nucleation gives us the important suggestion on the tendency of ordering. Figure 7 shows the Arrhenius plots between the logarithm of incubation period, for the primary phase precipitation and the reciprocal of annealing temperature in the Zr 65 28) However, both elements have different chemical affinities with the major element of Zr. Pd has a very strong affinity with Zr. Meanwhile, Nb has a positive mixing enthalpy with Zr, which might bring the phase separation or local ordering tendency upon annealing. [29] [30] [31] [32] This suggestion is also supported by HREM image taken from the relaxed BMG annealed for 60 s at 654 K as shown in Fig. 8 . Several ordered regions, which are encircled, can be observed in the image in the relaxed state. The results reveal that local ordering (or phase separation) can proceed easily even by the low temperature annealing ($ T g ) in the Nb-containing Zr-based metallic glass. Consequently, the sudden drop of plasticity by relaxation as well as QC formation might be attributed to the local ordering induced by Nb element.
It is therefore concluded that Nb element, which indicates the obvious effect on the plasticity in the as-cast state, plays a significant role to be brittle upon annealing due to an enhancement of local ordering and/or phase separation in Zr 65 Al 7:5 Ni 10 Cu 12:5 Nb 5 BMG. In addition, the disappearance of free volume in the residual glassy matrix during the relaxation and QC formation also causes the loss of plasticity.
Conclusions
We have investigated the effect of Nb addition on the nucleation and grain growth behaviors of the primary QC phase in the monolithic Zr 65 Al 7:5 Ni 10 Cu 12:5 Nb 5 metallic glass. The grain growth rate of the QC phase at near T x is 1:2 Â 10 À9 m/s, which is approximately 10 times smaller than that of the primary fcc Zr 2 Ni phase in the Zr 65 -Al 7:5 Ni 10 Cu 17:5 metallic glass. The previously reported growth rate of the similar QC-forming Zr 65 Al 7:5 Ni 10 -Cu 12:5 Pd 5 metallic glass is also 4 times as large as that in the present Nb-containing alloy. In contrast, nucleation rate increases drastically by Nb addition. It can be calculated as 1:2 Â 10 21 /m 3 s, which is approximately 10 5 times larger than that of the non Nb-containing alloy and also 10 3 times larger than that of the 5 at% Pd alloy. The results indicate that Nb is a very effective element on the nucleation and grain growth rates. Good plasticity exhibited in the as-cast state, is lost drastically by the structural relaxation as well as the QC precipitation. Mechanical strength, Young's modulus and Vickers hardness considerably increase by annealing. It is suggested that the significant change in mechanical properties may be mainly attributed to the enhancement of local ordering and/or phase separating tendencies by Nb element, which has a positive chemical affinity with the major element of Zr.
